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Carbon nanotubes (CNTs), due to their superlative mechanical and physical properties, have shown a high potential
to improve properties of polymeric composites. Adding CNTs into polymers at very low weight fractions can
improve mechanical properties of the resulting nanocomposites. In the present paper, multi-walled carbon
nanotubes (MWCNTs) at different weight ratios (0.05, 0.1, and 0.5 wt.%) were added to polyester. Mechanical stirring
and sonication technique were used to achieve good dispersion state of MWCNTs in the polymeric matrix. The
results of mechanical tests (tensile and flexural) exhibit improvements of tensile and flexural strengths by 6% and
20%, respectively, at only 0.05 wt.% MWCNT. Improvements in Young's modulus and flexural modulus were also
observed. Scanning electron microscopy was employed to determine the dispersion state of nanotubes in the
matrix as well as the fracture surface properties.
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Carbon nanotubes (CNTs) are tiny tubes with diameters
of a few nanometers and lengths of several microns
made of carbon atoms. Since the discovery of this form
of carbon atoms by Iijima [1] in 1991, many attentions
have been drawn to use the outstanding physical and
chemical properties of CNTs such as high Young's
modulus (approximately 1 TPa), tensile strength, and ex-
cellent thermal and electrical conductivities [2].
Carbon nanotubes have been used in various fields of
applications in recent years due to their high physical,
chemical, and mechanical properties [3]. One of these
fields is composite materials in which CNTs are added
to a matrix not only as reinforcement but also to obtain
other physical and chemical properties such as electrical
conductivity and corrosion resistance. Carbon nanotubes
are specially introduced into polymer matrices like epoxy
to fabricate polymer matrix nanocomposites which pre-
sents a new generation of composite materials [4-8]. Gojny
et al. [4] fabricated double-walled carbon nanotubes/epoxy
nanocomposites and reported increases in strength and* Correspondence: shokrieh@iust.ac.ir
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in any medium, provided the original work is pYoung's modulus of the resulting nanocomposites at nano-
tube content of 0.1 wt.%. Martone et al. [5] investigated
the effect of dispersed multi-walled carbon nanotube
(MWCNT) on the enhancement of elastic modulus in an
epoxy system. Tai et al. [6] reported the enhancement of
strength and Young's modulus of phenolic composites
reinforced with single-walled carbon nanotubes.
Dispersion of nanofillers plays a very important role in
the use of filler properties in polymeric composites.
Nanoparticles due to large surface area and mostly high
aspect ratio tend to agglomerate greatly which reduces
the ability to show their expected properties [9]. A tech-
nique to achieve good dispersion of nanoparticles is
ultra-sonication which can be used also for CNTs. Ap-
plying this method to disperse CNTs in a low-price
polymer-like polyester which has good properties such
as versatileness, quick curing, and low viscosity leads to
fabrication of CNT/polyester composite with enhanced
properties. Despite many investigations in CNT/polymer
composites as were reviewed by Thostenson et al. [7], only
a few works on CNT/polyester composites in the literature
are present. Seyhan et al. [10] used amine functionalized
and untreated carbon nanotubes to fabricate polyester-
based nanocomposites by a three-roll mill dispersion tech-
nique. They used a mixture of polyesters without styrene
content and characterized the rheological behavior ands an Open Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
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their work did not show considerable enhancement in the
tensile strength of nanocomposites at very low contents of
nanotubes (0.1 wt.%).
In the present study, the effects of adding MWCNT at
different weight ratios (0.05, 0.1, and 0.5 wt.%) to the un-
saturated polyester resin have been investigated. Mechan-
ical stirring and ultra-sonication technique were used to
disperse nanotubes in the matrix. In order to study the ef-
fect of addition of nanotubes on the mechanical properties
of polyester resin, tensile and flexural tests were con-
ducted. Moreover, scanning electron microscopy was used
to determine the properties of fractured surfaces.
Results and discussion
Figure 1a,b,c,d shows the fracture surfaces of samples at
0, 0.05, 0.1, and 0.5 wt.% MWCNT contents. As can be
seen, the fracture of neat polyester (Figure 1a) is much
smoother than the fracture surfaces of composites,Figure 1 Nanocomposites (a) 0.0, (b) 0.05, (c) 0.1, and (d) 0.5 wt.% MW
(b) 0.1, (c) 0.3, and (d) 0.5 wt.% nanotube contents.indicating a typical brittle fracture of the polyester, al-
though Figure 1b,c,d shows rougher surfaces due to the
addition of more MWCNT particles which force the de-
fects that created the cracks to dodge the CNT particles
during the crack propagation.
Figures 2 and 3 present the results of tensile and flex-
ural strengths of MWCNT/polyester composites. Ac-
cording to the reported results, improvements on tensile
and flexural strengths of 6% and 20%, respectively, were
obtained by the addition of 0.05 wt.% MWCNT. The re-
sults show that by increasing the amount of filler con-
tent, the tensile strength reaches a peak at 0.1 wt.% and
subsequently decreases.
Figures 4 and 5 present the Young's modulus and flex-
ural modulus of the resulting nanocomposites. Unlike
the results of tensile and flexural strengths, the optimum
amount of filler content for tensile strength is achieved
at 0.05 wt.%. The reason for such a phenomenon can be
explained by the dispersion state of MWCNT particles.CNT. Fracture surface of MWCNT/polyester nanocomposites (a) 0.05,
Figure 2 Tensile strength of MWCNT/polyester nanocomposites
in various filler contents.
Figure 4 Young's modulus of MWCNT/polyester nanocomposites
in various filler contents.
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image of dispersion state of MWCNT in a sample con-
taining 0.05 wt.% MWCNT. As depicted in Figure 6,
MWCNT particles were fully dispersed in polyester and
thus improved its mechanical properties, but at higher
weight fractions of nanotubes, the major problem is ag-
glomeration of MWCNT that causes stress concentra-
tion and thus decreases the mechanical properties of the
nanocomposites. Therefore, it can be assumed that more
sonication time or output power may help better dispersion
of particles at higher weight fractions, but it should be men-
tioned that although more sonication leads to a better dis-
persion of particles, there might be still some agglomerates.
Sonication can also decrease the length of nanotubes which
reduces the effect of CNT as reinforcement, so increasing
the sonication energy necessarily does not enhance the
mechanical results. Figure 7 shows the fracture surface of a
sample at 0.5 wt.% MWCNT. As can be seen in this figure,
a large agglomeration of nanotubes acts as a stress concen-
tration and makes the sample fail at lower stresses.
According to the results shown in Figures 1 and 2, the
optimum amount of MWCNT for tensile and flexuralFigure 3 Flexural strength of MWCNT/polyester nanocomposites
in various filler contents.moduli was obtained almost at the identical weight frac-
tion for tensile and flexural strengths.Conclusion
In this paper, mechanical properties of MWCNT/polyester
nanocomposites at different weight ratios of nanotubes
(0.05, 0.1, and 0.5 wt.%) were investigated. Dispersion of
nanotubes in the resin is the key parameter that influences
the results of mechanical tests. Scanning electron micros-
copy demonstrated that MWCNTs were well dispersed
in the polyester resin at low contents of nanofillers (0.05
and 0.1 wt.%), and the result did not show significant
nanotube aggregates. However, at higher nanotube con-
tents (0.5 wt.%), a large amount of agglomerations are ob-
served that act as stress concentration and reduce the
strength of nanocomposites.
The trend of results shows that adding MWCNT at
low weight fractions improves tensile and flexural prop-
erties of polyester resin. However, more increase in
MWCNT weight fraction causes reduction in mechan-
ical properties due to the agglomeration of nanotubes.
The optimum amounts of filler for the best properties
for tensile strength and flexural strength occur at 0.1
and 0.05 wt.%, respectively.Figure 5 Flexural modulus of MWCNT/polyester nanocomposites
in various filler contents.
Figure 6 SEM micrograph of fracture surface of a sample
containing 0.05 wt.% MWCNT.
Figure 8 SEM micrograph of supplied MWCNT.
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Materials
The multi-walled carbon nanotubes used in this study
were CVD grown with diameters between 10 to 20 nm
and lengths between 5 to 15 μm and were supplied by
IoLiTec Co. (Germany). Figure 8 depicts a SEM imageFigure 7 Fracture surface of a sample containing 0.5 wt.% MWCNT
agglomeration acts as stress concentration.of carbon nanotubes as supplied. The unsaturated polyes-
ter resin was purchased from Boytek Co. (Turkey) and was
cured with cobalt naphthenate (8%) and MEKP (Butanox
M60, Akzo Nobel Chemicals, Gillingham, Kent, UK) as
recommended by the manufacturer.
Preparation method
Multi-walled carbon nanotube at 0.05, 0.1, and 0.5 wt.%
were added to polyester resin and were initially mixed
by mechanical stirrer for 20 min at 2,000 rpm. Then, the
mixture was sonicated by a 14-mm-diameter probe
sonicator, Hielscher UP400S (Tetlow, Germany). The
output power of 200 W and sonication time of 45 min
were applied to obtain sonication energy of 1 kJ/g of
mixture, as the sonication energy should be as much as
it can break the agglomerations and disperse the parti-
cles in the mixture [11]. However, higher sonication en-
ergy leads to damage of the CNTs which might decrease
their properties. After the dispersion of MWCNT in
polyester resin, the mixture was molded and cured at
room temperature followed by a post-cure cycle of 2 h
at 80°C.
Characterization
Tensile and flexural tests were performed according to
ASTM D3039 [12] and ASTM D790 [13], respectively,
to evaluate the effects of adding MWCNT on polyester
using the universal testing machine, Santam STM-150
(Tehran, Iran). Tescan Vega II electron microscope (Brno,
Czech Republic) was used to investigate the fracture sur-
face and dispersion state of MWCNTs.
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